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Abstract 
The sport of Skeleton involves the headfirst decent on a Bobsleigh ice track, whereby an athlete lies face forward on a sled 
with two runners. The athlete steers by applying reactive control movements with his or her shoulders and knees. There is a 
limited understanding of how these control movements effect the sled direction (yaw), which currently restricts advances in sled 
design. These limitations exist due to a lack of understanding at the ice-runner interaction contact point. Without knowing 
exactly how the runners create friction and why, runner design and athlete control is misunderstood. This paper discusses the 
measurement and analysis of on-track recorded data of various sled motion, forces and steering input parameters. These 
parameters have been used to develop an empirical ‘steering’ model, with the integration of athlete steering forces to determine 
sled reaction and response from steering input. Validation of the model shows a good relationship between real and 
approximated sled yaw throughout the descent. Such a model gives an insight into which forces are the primary cause of sled 
direction change and therefore how best to manipulate and change such forces to maximise control for the athlete. Future work 
includes validation of various runner friction coefficients so that control of different runners can be explored.  
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Nomenclature 
 Athlete total steering force Right, N 
 Athlete total steering force Left, N 
 Empirical constant, Kg 
 Lateral sled acceleration, G (where 1 G equals 9.81m/s2 due to gravity) 
 Sled roll angle, deg 
 Sled forward velocity, m/s 
 Vertical sled acceleration 
 Yaw of sled, deg 
1. Introduction 
Skeleton involves the high-speed headfirst descent of a bobsleigh ice track. Athletes lie on a sled, often referred 
to as a ‘tea-tray’, consisting of two circular runners with a knife machined into the back half Larman et al. (2008). 
The sled contorts as a response from the athletes steering control movements. When this happens, the left or right 
runner knife is forced into the ice creating an asymmetry in ice friction resulting in a steering moment, i.e. when 
the left runner is forced into the ice, the sled will turn left. Athletes use their shoulders and knees to contort the 
sled. For a more dramatic steer they ‘tap a toe’ onto the ice creating a larger steering moment. 
Athletes sprint with the sled at the top of the track and then load on the sled at full running speed. Thereafter 
the athlete manoeuvres the sled along the desired path to maximise speeds reaching upwards of 130km/h. Athletes 
typically experience sustained G-forces of up to five G during high banking corners and large levels of vibration 
from uneven ice surface.  
Sled design has to follow a series of regulations, which aim to ensure a relatively consistent competitive playing 
field Roche et al. (2008). However sled design impacts the top speed and controllability of the sled. Moreover, 
runner knife design also has a significant impact on sled performance. The two components must work 
harmoniously together. Designing the sled to allow maximum top speeds, whilst ensuring the athlete has adequate 
control to safely manoeuver down the track, is a challenging engineering task for every competitive nation. The 
fundamental problem sled designers face is a lack of understanding of the highly complex runner ice interaction 
relationship. Formulating such a relationship would involve large amounts of on-ice testing to verify numerical 
results, which is often expensive and time restricted. Furthermore, as different runners and sleds exhibit varying 
characteristics, one model would not fit all sled design styles. 
This paper uses on-ice recorded data to propose an empirical relationship between sled motions and athlete 
steering input, with actual sled yaw angles. Such a model gives insight into the factors affecting the yaw of a sled, 
which could be used during sled design to inform design direction and decisions.  
2. Background and Motivation 
 
 
 
 
 
 
 
 
Fig 1: The basic principle of sled steering, where the athlete applies force with his or her shoulders to create an asymmetric friction force 
between the two runners.  The diagram shows a right hand turn, where the athlete is applying a greater steering force at the red locations, 
resulting in larger friction generated on the right runner, causing the sled to yaw. 
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Figure 1 shows the athlete creating an asymmetric frictional force between runners, which generates a turning 
moment. Although creating friction gives the athlete control, it slows them down increasing their run time. 
Therefore minimum friction generation is essential, whilst maintaining enough control to steer the sled on the 
desired path. The interaction between the runner and the ice is complicated, as many variables affect it, such as ice 
surface temperature, pressure, humidity, runner material, knife design, etc. Bromley (1998). The challenge for all 
sled and runner designers is understanding the relationships between runner and ice, and runner and sled Larman et 
al. (2008). Research is limited within the public domain, whereby relationships have been developed in laboratory 
environments and using simulation techniques. Fundamentally, this theoretical approach is complicated without 
reassurance of validity and entirety Braghin et al. (2011).  
Furthermore, track characteristics also cause the sled to yaw, as forces created from the sled movement 
generates yaw moments. For sled and runner designers, excluding the effects of track characteristics could leave 
the design insensitive to differing tracks. Therefore this approach of creating an empirical model to understand the 
relationship between steering input, track characteristics and yaw, could provide insight into the sled dynamics. By 
using such an approach, a faster, less expensive method of forming dynamic relationships is possible.   
3. Track Testing 
Both a male and female Skeleton athletes were asked to perform a number of repeat runs using an instrumented 
test sled at the Lillehammer  track, Norway. The data was recorded on a test sled instrumented with the following 
sensors, and recorded with an on-board data logger. 
x Vertical accelerometers - Accelerometer ranges were +/- 25 and +/-50 G 
o Z-axis on all four corners 
o Z-axis at sled centre 
x Tri axis accelerometers - Accelerometer ranges were +/- 10 G and +/-50 G 
o Centre of the sled , centre/right and centre/left 
x Tri axes rate gyros for angular velocities 
o Gyros were positioned at various locations around the sled. Gyro ranges were selectable at either 
+/- 440deg/sec or +/-2000deg/sec depending on the axis limits 
x Force sensors on front corners and knee plates for measuring athlete steering input 
o Thin film force sensors (Flexiforce, Tekscan (2013)) were used with adjustable range. An 
amplifier and filter adjustment circuit was made to set the ranges. Ranges selected were 0-500N. 
4. Model Development 
Equation 1 shows the developed empirical model for yaw rate as a function of vertical and lateral accelerations, 
sled speed, sled roll angle, athlete weight and athlete steering control forces. The model has been developed by 
analyzing sections of the track, and constructing relationships for key events along the descent. This included high 
speed, low speed, high pressure and low-pressure sections of the track. Once developed, the model was tested 
along the entire descent. 
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The first steering test was conducted on straight sections of the track, where the athlete was asked to perform 
obvious and dramatic steers. From this a correlation between steering force and yaw rate was observed. The 
correlation was not constant however, as the effect of steering force increased non-linearly with increase of speed. 
After several plot fitting attempts, the straight line steering correlation showed a good approximation. 
450   Caleb Sawade et al. /  Procedia Engineering  72 ( 2014 )  447 – 452 
It was observed that this relationship was not consistent, which was thought to be affected by a third parameter. 
However it became clear during testing that sensor variability was causing these inconsistencies. The force was 
recorded with thin film FlexiForce Tekscan, (2013) sensors. If the force is not applied directly to the centre of the 
sensor, the resistance varies. As they are small, the athlete can occasionally move off the sensing area, not 
registering any force when the athlete steers. The problem was partially remedied by attaching a plate over the 
sensor, which distributed the force more evenly. Therefore, the only sections of data showing close approximation 
with the model were those that indicate a clear steer from the sensors (i.e. the athlete made good contact on the 
sensors) and those that also matched with athlete’s feedback as to when they steered.     
During corned sections of track, the steer force was too dominant and it was hypothesized that as the G-force 
increases, the sled becomes harder to steer as the runners compress. Therefore a relationship between vertical 
acceleration (G-force) and steering force was created. This attenuated the steering force, however seemed to only 
work when the constant D was applied. D was found to work most consistently as approximately half of the athlete 
weight, and was changed for the different athletes conducting the tests. 
It was evident that the yaw was related to the changing track conditions. This was observed by the direction 
change of yaw corresponding to the direction change of the roll angle. As the sled rolls into a corner, the sled 
would yaw proportionally to the corner direction. This makes complete sense, but deducing the amount of turning 
in each corner for inclusion in the model was not so apparent. Finally an empirical relationship between roll and 
vertical acceleration was established. 
The model showed good approximation along the entire track, including corners and straights. However there 
seemed to be a high frequency component missing from the model. This was later found to be the lateral 
acceleration. Logically when lateral acceleration is applied to the front of the sled, a yaw moment results. This 
disturbance input can be from ice surface bumps or wall collisions   
5. Model Performance 
An example of the model performance can be seen in Fig 1 for a given full run. Filtering (low-pass Butterworth 
filter) has been applied to the yaw rate (both measured and modelled) to show correlation more clearly.  
 
 
 
Fig 2: Comparison of measured on-track sled yaw rate vs. predicted sled yaw rate with empirical model, over a full descent. Sensor offset 
observed up to sample 2750. Rapid change in roll direction and magnitude indicates entry, exit and transition through corners. Roll angle 
plotted to show corner direction and magnitude on track. Positive roll direction signifies a right hand corner. 
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Figure 2 shows the general correlation between modelled yaw rate and recorded yaw rate for an entire run. 
Although errors exit at many sections of the track, corresponding sections on other runs show how the model can 
perform with less errors (see fig 3). The sections with least errors occur at the start of the run, and although there is 
an offset observed, the shape and amplitudes of the model show good approximation. The offset changes at sample 
2750, and the amplitudes closely approximate the measured yaw. As the sleds speed increases, more errors appear. 
This could be attributed to increased levels of noise within the data sets used from track-induced vibration.  
Figure 3 examines section two of the track more closely for four runs. Here, it is clear that the third corner 
(shown when the roll increases to +80deg) differs in all four runs. The recorded yaw rate remains relatively 
constant albeit small changes to sled track position. The model however, closely approximates the yaw rate in plot 
A and D, but differs in B and C. This indicates that discrepancies exist due to recorded parameter quality. The 
model accuracy is affected by the following factors: force sensor variation, sensor drift from roll rate integration 
and sensor drift from forward acceleration twice integrated to calculate speed. 
These three factors will greatly alter the models reliability. Other factors, which could alter the model accuracy, 
are changing environment conditions. The four run comparisons were made over a two-day period where track 
conditions only varied slightly. Such environment conditions include: track ice temperature, ice hardness, ice 
surface smoothness, runners used on the sled and sled torsional stiffness. These parameters would affect the 
steering sensitivity, and therefore further investigation should be conducted to link them with the steering input 
from the athlete.  
Without the aforementioned parameters included within the model, the accuracy has been calculated using the 
root-mean-squared error. To use this method, the error must have no bias as this would skew the results. The 
distribution of the error was checked to ensure a uniform distribution about the mean.  The error results can be seen 
in Table 1. 
Fig 3: Comparison between measured yaw rate and estimated yaw rate for four runs between corner 4 and 8. 
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Table 1. Model Accuracy Results – For corner 4 – 8 
Run 
A 
B 
C 
D 
Root-Mean-Squared-Error (%) 
10.9 
8.06 
6.26 
5.77 
The model estimated the recorded yaw rate with as low as 5.77% error. Although this percentage was as high 
as 10.9%, it shows that the model is able confidently estimate the real yaw value assuming the sensors record the 
required parameters accurately with little noise (low sensor drift).   
6. Discussion and Conclusion 
By knowing what factors contribute to the yaw rate of the sled, or knowing how to determine and predict the 
yaw rate, changing the system response to minimize speed loss while maximizing controllability can be attempted. 
Empirically creating a model with as low as 6% error prediction can be used in various scenario simulations and 
engineering design information. Although the error is small enough for confident prediction, it is large enough to 
cause differences between predicted and actual sled on-track position. However if the parameters were simulated, 
computational values without measurement error and or drift could result in much better prediction, along with the 
combination of a skidding model. This would allow a global view and understanding of the primary parameters 
and factors effecting yaw rate. Furthermore, it could be used to analyze the steering action by the athlete, by 
informing athletes of possible steering timing for a given track. For a more holistic model, the inclusion of ice 
parameters and frictional relationships need to also be included. This would include skidding, which at present 
could cause large model errors. Further validation of the model is required for other track conditions. 
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